INTRODUCTION
Facing the liberalization and regulation of energy markets in Europe, system operators must assess their capability of assuring a sustainable and cost-efficient network operation while providing an appropriate level of reliability of supply. In this context, a global definition of the appropriate level of reliability of supply for both, customers as well as operators of electrical distribution networks, does not exist. Parameters influencing the reliability of supply and their sensitivities are still insufficiently analyzed [1] .
In Germany, in July 2004, a draft for an amendment of the "Energy Industry Act" (EnWG) was made. Within the new EnWG it is claimed to establish a regulation authority for German electricity and gas markets. Thus, German system operators might have to face similar regulation methods concerning costs and reliability, as they are already established in several other European countries (e.g. Great Britain, Italy or Portugal) [2] . However, the impact of different regulation methods on structure, equipment and operation of electrical distribution networks is still insufficiently investigated. With respect to the determination of reasonable use-of-system charges as well as non-discriminatory regulation methods, the analysis and quantification of correlations between the reliability of supply, network costs and significant influencing parameters are to be considered as an important research objective.
RELIABILITY AND COSTS OF DISTRIBUTION NETWORKS
Reliability of distribution networks is determined by the impact of outages of their equipment and thus strongly influenced by the network structure and the operation strategy.
To describe reliability of supply the following indices are commonly used:
The number of outages per customer in a year, indicating how many times in a year energy is not supplied, -Restoration Time for Each Interruption Event (TI) -Customer Minutes Lost (CML):
The cumulative yearly duration of interruptions per customer, indicating how long energy is not supplied in a year (average per customer).
Between CI, TI and CML the following interrelation exists:
Since reliability of electrical power systems is significantly determined by distribution networks, especially by mediumvoltage-systems (MV), the investigations made are focused on MV distribution networks.
Network costs basically comprise two elements. On the one hand, there are general costs like taxes, insurance or miscellaneous costs. These costs cannot be influenced by network equipment, structure and operation strategies and hence will not be considered. On the other hand, technical network costs like investment costs, operating costs and costs for network losses are strongly influenced by network equipment, structure and the operation strategies and thus are the subject matter of the investigations made in this study.
To assure appropriate customer supply for a certain supply area a minimum of necessary network costs exist for this area. These minimum costs depend on parameters of the supply area as well as on the characteristics of the network customers and cannot be affected by the system operator.
Besides these minimum costs, distribution networks cause additional costs. The difference between the minimum necessary and the effective network costs depends on individual planning criteria and on a resulting network structures that exceed the requirements of the supply area.
Correlations between additional network costs, characteristics of the supply area and reliability of supply will be analyzed in this study. Costs, due to historically evolved networks as well as any aspects concerning the calculation of use of system charges will not be regarded in this study.
RESEARCH OBJECTIVE
Significant parameters with influence on network costs have been analyzed in various studies [3] . However, the impact of these parameters on the reliability of supply is still insufficiently assessed. For this reason, the research objective of this study comprises the analysis and quantification of correlations between reliability of supply, network costs and significant influencing parameters. This objective comprises two main focuses.
At first, structural features (characteristic parameters of the supply area) concerning the reliability of supply must be analyzed. The appropriate reliability of supply for a certain supply area and given planning criteria causes a minimum of necessary network costs. By changing structural features, a new but different supply scenario will be generated. This new supply scenario also leads to different minimum network costs and a different reliability of supply. Thus, investigations have to deal with the influence of structural features on the minimum network costs and the reliability of supply ( fig. 1 ). A variation of individual planning criteria, representing the strategy of a system operator, may cause additional network costs, especially if the resulting network exceeds the requirements of the supply area. As shown in fig. 1 , additional network costs also affect the reliability of supply.
The intention of the investigations made in this study is to analyze and quantify significant influencing parameters which affect both the specific network costs as well as the reliability of supply. In this context, the study comprises investigations which reveal to what extend an individual influencing parameter affects the Customer Interruptions Index (CI), the Restoration Time for Each Interruption Event (TI) and the Customer Minutes Lost Index (CML).
INFLUENCING PARAMETERS
The significant parameters influencing both network costs and reliability of supply can be classified into two categories ( fig. 2) . The first group comprises structural features which are characteristic parameters of the supply area and the characteristics of customers within this area. Structural features are determined by the individual characteristics of a supply area and cannot be affected by the system operator.
The second group of parameters comprises planning criteria. These parameters are determined by the individual strategy of a system operator and include degrees of freedom for planning and operation of electrical distribution networks. Both categories are subject to the investigations made in this study.
METHODOLOGY
The investigations made are based on the analysis of a large number of synthetic, but reality-oriented distribution networks. Compared to the analytical investigation of a large number of existing networks based on statistical methods, the analysis of synthetic networks offers the opportunity to investigate the influence of individual parameters excluding interfering dependencies among these parameters.
Each investigation is based on characteristic supply scenarios ( fig. 3) . A scenario requires the definition of typical structural features (e.g. load density or topographical features), the definition of planning criteria, representing the individual strategy of a system operator, as well as the definition of technical constraints.
For each scenario a synthetic network structure at minimum costs was designed using a computer based optimization method [4] . This optimization method generates distribution network structures regarding capacity constraints. By exclusively evaluating network structures at minimum costs the impact of history in network planning as well as subjective influences on costs and reliability can be eliminated.
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Fig. 3: Methodology
A variation of structural features and planning criteria leads to different supply scenarios with different optimal network structures. In order to investigate correlations among costs and reliability of supply, the scenarios generated within this study were evaluated concerning investment and operation costs as well as reliability of supply.
By systematically varying one individual influencing parameter within typical ranges and evaluating the resulting supply scenarios, the impact of this parameter on specific network costs and reliability of supply was analyzed.
The investigations are based on homogeneous supply scenarios. A quadratic supply area with a given maximum load is supplied by one HV/MV substation located in the centre. Homogeneous distributed MV/LV substations are connected and supplied by ring-topology network structures.
Based on a large number of synthetic supply scenarios the influence on network costs and reliability of supply can be analyzed. Load density was investigated as one characteristic structural feature. Further investigations dealt with the impact of individual planning criteria. In this respect, the influence of different sizes of MV/LV substations, network structure and the use of automation technology was analyzed.
According to the "Comparison Market Scheme", which is constituted in the German "Associates' Agreement on Principles of System Use" [5] In order to derive characteristic ranges of load density from the consumption density classes, characteristic utilization periods of 3000 to 5000 h/a were assumed. These three categories form the basis for investigations on the influence of load density on specific network costs and reliability of supply.
INVESTIGATION RESULTS
The investigations made deal with the following aspects:
-influence of overall load density -influence of average customer substation load -influence of planning criteria regarding network structure and use of automation technology
Overall Load Density
The first part of the investigations deals with the impact of load density on minimum network costs and reliability of supply. The load density was varied by modifying the sizes of the supply area. Total loads and other influencing parameters concerning structural features as well as planning criteria remained unchanged.
Fig . 5 shows the correlation between reliability and load density at minimum cost network structures. Fig. 6 indicates the correlation between minimum network costs and load density. Regarding the German "Comparison Market Scheme", all system operators of one category are supposed to have similar costs and reliability. But, as can be seen in fig. 5 and fig. 6 especially within category I, system operators face a distinct impact of their load density on the average customer interruption frequency and on costs. Fig. 7 shows the average customer interruption frequency for the supply scenarios analyzed as a function of load specific network costs. As expected, an increasing load density and therefore a smaller supply area causes decreasing load specific network costs and an improvement in reliability of supply. 
Average Customer Substation Loads
To analyze the influence of the average customer substation size, representing another structural feature, three supply scenarios with the average load density of each structural category were generated. So far, the predefined size of customer substations was 400 kVA. For further investigations it is varied between 100 and 1000 kVA ( fig. 8 ). Fig. 8 shows the average customer interruption frequency for each substation size depending on load specific network costs. By increasing the size of customer substations, the complexity of the MV network structure decreases because of a reduced number of substations to be supplied. 
Planning Criteria
Until now, influences of structural features have been analyzed. In the following, it will be discussed how system operators can influence reliability of supply and network costs by changing individual planning criteria. The investigation results show correlations between specific network costs, reliability of supply and individual planning criteria concerning network structure as well as use of automation technology.
Limiting the number of customer substations supplied by one MV feeder results in a higher number of feeders with a lower average line length and thus in a decreasing average number of customer interruptions. But, since the total line length of the supply area increases and MV switchgear in HV/MV substations becomes more complex, higher costs are to be expected.
Automation technology supports staff during fault clearance and thus can influence the restoration time after interruptions, but it does not affect the number of customer interruptions.
To compare the influence of network structure and use of automation technology on reliability of supply, the customer minutes lost is the appropriate index since it combines TI and CI. Fig. 9 shows the influence of the analyzed planning criteria "feeder size" and "number of substations equipped with automation technology" on the customer minutes lost. Considering the same additional costs, the CML-index can be reduced much more if automation is used at a cost minimum network structure. Thus, using automation technology is much more cost efficient in order to improve the reliability of supply in case of CML is the index to be influenced. This general effect is not depending on structural features of the supply area. But, a saturation of the benefit can be seen. In addition, it can be seen that the related benefit in less densely loaded areas is higher than in areas with a high load density.
Finally, the results of fig. 9 indicate that regarding the impact of network structure and automation technology, correlations between specific network costs and reliability of supply are strongly non-linear.
CONCLUSIONS
With the investigations made, interrelations between costs and reliability for medium voltage networks have been quantified. The results show that
• there is a strong correlation between load density, average customer substation load, minimum costs and reliability of supply,
• if the CML index is used as a reliability criterion, the use of automation technology with influence on the restoration time is much more cost-efficient than a more complex network structure affecting the interruption frequency.
• the correlation between costs and reliability is nonlinear.
